Abstract: A multichannel imaging system is presented, consisting of 25 microfabricated optically-pumped magnetometers. The sensor probes have a footprint of less than 1 cm 2 and a sensitive volume of 1.5 mm × 1.5 mm × 1.5 mm and connect to a control unit through optical fibers of length 5 m. Operating at very low ambient magnetic fields, the sensor array has an average magnetic sensitivity of 24 fT/Hz 1/2 , with a standard deviation of 5 fT/Hz 1/2 when the noise of each sensor is averaged between 10 and 50 Hz. Operating in Earth's magnetic field, the magnetometers have a field sensitivity around 5 pT/Hz 1/2 . The vacuum-packaged sensor heads are optically heated and consume on average 76 ± 7 mW of power each. The heating power is provided by an array of eight diode lasers. Magnetic field imaging of small probe coils was obtained with the sensor array and fits to the expected field pattern agree well with the measured data. 19887-19894 (2014). 24. S. J. Seltzer and M. V. Romalis, "Unshielded three-axis vector operation of a spin-exchange-relaxation-free atomic magnetometer," Appl.
Introduction
Magnetic imaging is a powerful tool that can be applied at many different spatial and temporal scales. On a very small scale, nitrogen vacancy color centers in diamond have been used to create magnetic images of living magnetotactic bacteria with sub-micrometer spatial resolution [1] . On a larger scale, magnetometers are routinely used to map areas of many square kilometers for prospecting, archeology, and magnetic anomaly detection [2] . On a very large scale, space-based magnetometers are used to map the magnetic field of the Earth [3] and other planets and their moons from satellites and spacecraft [4] . In medicine, magnetic resonance imaging (MRI) is a routine method to generate pictures of proton concentration in the human body with millimeter spatial resolution [5] and the technique of magnetoencephalography (MEG) maps the tiny currents in the brain with millisecond temporal resolution [6] . Other applications for magnetic imaging include nondestructive testing, surveillance, and microscopy [7] . There is even a suggestion to detect the magnetic field at many positions around the Earth with a time-synchronized network of magnetometers to aid in the search for dark matter and dark energy in the universe [8] .
The magnetometers used for these imaging applications often trade off sensitivity for physical size. The fundamental sensitivity limit for most magnetic sensors is equivalent to an energy resolution /2 on the order of the Planck's constant, where is the magnetic sensitivity, V is the volume, and is the vacuum permeability. This results in a sensitivity of approximately 1 fT/√Hz for a volume of 1 mm 3 , scaling as 1/√V. Other performance parameters such as bandwidth, linearity, slew rate, and dynamic range, as well as operational parameters like size, power consumption, and possible array spacing also play a role in the choice of sensor for a particular application.
Here, we demonstrate an imaging array of 25 highly sensitive, microfabricated opticallypumped magnetometers (μOPM) that operate without cooling. The sensor heads are coupled to a common control unit through optical fibers of length 5 m, which determines the maximum spacing between sensors. The use of optical fibers allows for placement of the sensors in an arbitrary geometry around a source. Due to the small size of the sensor heads, they can be positioned very close to the area of interest, which can result in large signal strengths. The same sensor heads were used for magnetocardiography in a related publication [9] . Previously, a multichannel image of a coil has been evaluated with a very large OPM consisting of a single cell of volume (5 cm) 3 , which restricted the relative position of the array channels to within that volume [10] . If a much larger array spacing than the fiber-coupled system is desired, our technology could also be implemented using a free-space laser beam to link the sensor head with the control unit [11] . This approach could also allow for inexpensive, microfabricated, and completely passive sensor heads that can remain dormant without consuming any power until optically heated and interrogated by light.
Design of the imaging array
A schematic of the imaging system is shown in Fig. 1 . Optical fibers connect the sensor heads to a control unit that houses the lasers, the fiber splitter network, and the electronics. Two distributed-feedback lasers (DFB) at a wavelength of 795 nm provide sufficient light to interrogate the atoms while eight diode lasers at 1.5 μm heat the vapor cells in all the sensor heads. To reach the desired atomic vapor density, the cells are heated to roughly 150 °C using absorptive filters attached to the windows of the cells similar to the method described previously [12] . Optical fiber splitters distribute the heating and probing lights from the lasers to the 25 sensors. The control unit includes 25 transimpedance amplifiers to amplify the signals from the photodiodes within the sensor heads and a 24-bit DAC system to record the data. Each sensor head contains a microfabricated vapor cell [13] with an internal volume of 1.5 mm × 1.5 mm × 1.5 mm, filled with 87 Rb and roughly 1 amagat of N 2 . The size of the cell defines the sensitive volume of the magnetometers. The cells are suspended between two web like sheets of 5 μm thick polyimide under tension (see Fig. 3a ) to minimize the thermal conductivity between cell and ambient environment to less than 3 mW [14] . The suspensions were made by first spinning a 5 μm thick layer of a photo-definable polyimide onto a 300 μm thick Si wafer. After a thermal cure, the polyimide suspension geometries are defined photolithographically. A deep reactive ion etch (DRIE) process is used to remove most of the silicon, leaving a perimeter ring to hold the polyimide suspension. The perimeter ring geometry is replicated in silicon to fabricate a spacer ring. The vapor cells with the integrated glass filters are slightly taller than the combined top and bottom suspension and spacer rings so that when epoxied together, the vapor cell stack pushes the polyimide tethers into tension. The tensioned tethers provide mechanical support as well as thermal isolation. One additional thinner spacer ring is attached to the bottom suspension to ensure that the cell assembly will not touch any of the walls of the vacuum package. Epotek 353ND epoxy is used for the entire assembly due to its very low outgassing properties for vacuum compatibility and high temperature tolerance.
The vacuum package consists of a cavity etched in 3 mm thick silicon wafer with BOROFLOAT 1 glass window anodically bonded on one side [15] . After the thermal suspension unit is placed into a silicon enclosure, the entire assembly is evacuated and the top window anodically bonded to form the sealed unit. Vacuum packaging reduces the conductive losses through the air, which is estimated to increase the power requirement for achieving the same temperature to more than 200 mW. Radiative losses are estimated to be roughly 50 mW and are the primary heat loss mechanism of the vacuum package system. We fabricated 33 sensor heads and measured the total required power for optimal performance (Fig. 2) . The values ranged between 60 and 140 mW, giving a mean heating power of 80 mW and a standard deviation of 13 mW. We suspect that the differences in power consumption between the sensors is the results of different residual background gas pressures inside the packages. Powers have been measured repeatedly over the duration of 24 months and no significant changes in the required heating power have been observed. Sensors requiring above 90 mW of power were excluded from the array, resulting in a mean power consumption of 76 ± 7 mW. The vacuum packages have dimensions of 7.3 mm × 7.3 mm × 3.7 mm and a photograph is shown in Fig. 3a . A standoff distance of 3.65 mm between the center of the cell and the outside of the package defines the closest possible distance between the sensor and a magnetic source. The two fibers for each sensor, a single-mode fiber transmitting the heating light and a polarization-maintaining fiber carrying the interrogation light, are terminated in a common ferrule made from V-grooves in silicon with 125 μm spacing. The ferrule, along with a microprism and a quarter waveplate are housed inside a Macor 1 optical bench. Both light beams exiting the optical fibers begin to diverge and are carefully spaced so that they expand to the desired size at the cell. Before reaching the cell, the beams are reflected at right angle by the microprism and then circularly polarized with the quarter-wave plate. While the heating light is absorbed by the colored glass filters, the interrogating light is unaffected, and is transmitted and detected by a photodiode mounted on a flexible polyimide circuit placed after the cell. A photograph of a sensor head is shown in Fig. 3c .
Performance
The magnetometer array can be operated in two modes, a zero-field mode and a total-field mode, as described below. In most of our experiments the magnetometers in the array were operated in a zero-field mode. This mode is based on the zero-field level-crossing resonance, first reported on by DuPont-Roc et al. [16] , where the transmission of the circularly-polarized laser beam reaches a maximum at exactly zero transverse magnetic field. In this case, the macroscopic spin orientation does not precess around the magnetic field. Instead, a static repolarization results from the balance between optical pumping and precession of the atomic spins.
At high alkali densities, the zero-field mode benefits from high signal strength and a long coherence time. When the spin-exchange collision rate is much faster than the Larmor precession frequency, the dephasing of the spins due to spin-exchange collisions is suppressed [17] . This increases the sensitivity of the magnetometer in this mode of operation but limits the dynamic range to less than 100 nT. The bandwidth is typically a few hundred hertz, which is less than the total-field mode since the resonance line is narrower due to the suppression of spin-exchange broadening. A very high sensitivity has been measured by detecting the polarization rotation of a linearly-polarized probe light beam at right angle to the pump light [18] . Nevertheless, this polarimetry scheme is much more complicated to implement in small sensor heads. Several other schemes based on polarization rotation have also been proposed [19, 20] , where the pump and probe light beams are collinear.
To create a dispersive resonance lineshape, a modulated transverse magnetic field with an amplitude of approximately 50 nT and frequency of 1.6 kHz is applied using a set of Helmholtz coils imprinted on a flexible polyimide membrane that surrounds the sensor head. The photodiode signal is demodulated at the modulation frequency, generating the desired zero crossing of the signal at zero magnetic field. This phase-sensitive detection method shifts the signal from DC to the modulation frequency, thus avoiding the 1/f noise in the electronics. However, it also limits the maximum bandwidth to roughly one third of this frequency. The demodulator bandwidth was set to about 250 Hz, which was roughly equal to the intrinsic bandwidth of the atomic response.
Every sensor was separately evaluated inside a four-layer mu-metal shield with an additional inner ferrite layer in the shape of an octagonal prism of diameter 30 cm. The ferrite layer provides additional suppression of ambient magnetic field noise to a calculated value of 2 fT/Hz 1/2 at 1 Hz [21] , providing a sufficiently low noise environment to characterize sensor performance. The sensitivity of each sensor was optimized in terms of cell temperature and laser power and the resonance slope and noise spectral density were recorded. Figure 4 shows the spectrum of the noise equivalent magnetic field from a subset of 16 arbitrarily chosen sensors (for clarity). Apart from a few spikes at 60 Hz and 120 Hz, the spectra appear to be mostly white up to the 3 dB bandwidth of 250 Hz. Below 10 Hz, the sensors suffer from 1/f noise, which require further tests to fully understand its origin. The histogram in the inset of Fig. 4 shows the noise distribution for 31 sensors averaged between 10 Hz and 50 Hz. In one sensor, the vacuum bond failed before the sensitivity could be evaluated. Following the individual sensor characterizations, an array of 25 sensors were assembled and operated simultaneously in the seven-layer magnetically-shielded room 'BMSR2' [22] , which provided the optimal near zero-field conditions without the need for residual field compensation. Each of the eight heat lasers delivered power for up to four sensors while the two DFB lasers supplied the interrogation light to all the sensor in the array using the fiber splitter network. Two integrated optical fiber attenuators were used for every sensor to provide fine control of the pump and heating light intensities to ensure that all sensors were operated at their optimum sensitivity. The modulation field for phase-sensitive detection was set at the same frequency of 1.6 kHz for all the sensors and the phases chosen such that the modulation fields in neighboring sensors where phase-shifted by 180 degrees. We operated these sensors in an open-loop configuration where the demodulated photocurrent was used to measure the magnetic field once the slope of the dispersive resonance lineshape was calibrated at its zero-crossing point prior to every measurement.
The close proximity of the sensors in this configuration introduces the possibility of crosstalk from other nearby sensors. This cross-talk is manifest through a change in the modulation field amplitude and potentially the tilting of the field axis, which would alter the direction of the measured field components relative to the sensor axis. Based on of the distances between nearby sensors and the range of magnitudes and directions of the nearby modulation fields, calculations indicate that this effect could in the worst case alter the measurement axis of a sensor by a tenth of a degree. To quantify the long-term gain stability in this configuration, determined by the slope of the magnetic resonance, we applied a 1 nT amplitude square wave magnetic field at a frequency of 1 Hz to the sensors using a coil. The output of one of the magnetometers was measured for one hour and the amplitude of the magnetic field step as measured by the magnetometer slowly decreased by 2.5% over a duration of this time. We verified that this was consistent with a decrease of the resonance slope. We suspect that one possibility is a slow drift of the pump laser polarization causing this change. A solution to improve the long-term gain stability from polarization fluctuations is to place a linear polarizer at the output of the fiber to maintain the polarization angle of the incident light and then lock the polarization induced intensity fluctuation by adding a monitor photodiode for each sensor and feeding back onto a variable optical fiber attenuator. A second cause for the drift of the magnetometer response may be due to a slow change in the ambient magnetic field on the order of the resonance linewidth. This would broaden or shift the magnetic resonance away from the zero-field resonance, where the output gain is optimal. Ensuring that the ambient field is within the linewidth of the magnetic resonance will maintain the response of the magnetometer within the linear regime of the resonance slop. To compensate, the magnetometers could be operated in a field-locked mode, where the change in the ambient field is compensated by applied fields using a set of three perpendicular coils around the sensor [23] . Similar methods have been demonstrated for Earth-field operation with zero-field magnetometers containing two perpendicular pump and probe beams [24] and was also proposed for the single-beam configuration used here [25] . While this method has the potential for good long-term stability, it is not easy to implement in a dense sensor array as the compensation field coils could easily cause interference between the sensors.
Thus far we have focused on the zero-field mode. Our imaging array can also operate in the total-field mode, which is best suited for applications at Earth's field [11] . We have previously demonstrated that sensors built in similar fashion can operate in the total-field mode by optically driving spin precession on resonance, i.e., so-called Bell-Bloom magnetometer [26] . In that work, we demonstrated sensitivities below 3 pT/Hz 1/2 and bandwidths of 1 kHz [27] . Another total-field magnetometer is the Mz configuration [28] , that has the advantage of not requiring high-speed electronics and presents fewer heading errors. We have operated several sensors from this imaging array in Mz mode, where a modulation field is applied perpendicular to the pumping light at the Larmor frequency. A noise measurement from one sensor is shown in the main plot of Fig. 4 in blue, which represents similar sensitivities obtained across the sensors in the array operating in Mz mode.
Magnetic source localization with multichannel array
We arranged 21 sensors having the best performance to form an imaging array on a spherical plastic holder of diameter 20 cm such that the optical fibers point outward in the radial direction as is visible in Fig. 5a . The precise position of each sensor was determined from the known geometry of the openings in the plastic holder. A ratchet mechanism allowed for radial movement and registration of the sensor position in 5 mm increments. By noting the ratchet position and determining the sensor direction from the holder location, each sensor position was known with an error of less than 5 mm.
Five commercial probe coils of diameter 1 cm [29] were attached to a fiberglass sphere of diameter 19 cm, as shown in Fig. 5b . Two coils, labeled C1 and C2, in the field of view of the sensors, i.e., beneath the surface covered by the sensor array, were used to generate probe magnetic fields in the nT range, which is a signal strength orders of magnitude above the sensitivity limit. It was not the intention to generate test signals resembling neuronal fields. The coils are conductive trace windings etched into a double-layer printed circuit board and were supplied by a vendor. The precise coil geometry and the uncertainty in magnetic moment was not specified. A sketch of the geometry of the sensors in relation to the two probe coils is shown in Fig. 5c to illustrate the experimental setup. The position of the fiberglass sphere in relation to the sensor array was manually adjusted with respect to the coil positions and could not be determined with high precision. The coils were sequentially energized 30 times for 400 ms durations by an applied oscillating current of 100 μA and frequency of 82 Hz. The resulting magnetic field distribution was measured continuously with our imaging array in the zero-field mode. After averaging the magnetic signal over the 30 sequential energizing cycles, the average is further reduced to a single field map for each coil through calculating the covariance between the known sinusoidal current generator signal and the signal recorded by each sensor. This procedure determines the amplitude and sign of the magnetic field from the coils as recorded by the sensors. A section of the averaged signal for coil 1 is shown in Fig. 6 which clearly shows that this coil is close to a group of four sensors on the left side of the array. Signal amplitudes are in the nanotesla range and well below saturation of the sensors. The field map obtained after the covariance calculation is shown in Fig. 7 (top left) and the peak in the map corresponds to the channels with maximum signal amplitude in Fig. 6 . Instead of the combination of averaging and covariance calculation, a Fourier analysis can be applied for this type of marker coils, as is customary in SQUID magnetoencephalography systems [30] .
Next, magnetic field of a dipole source at location and magnetic moment , given by = ( ( • ) − ) (e.g., [30] ) was fitted to each of the coil maps. This forward model with six parameters (x,y,z position and x,y,z moment) is sufficiently stable for the 21 data points in each map. The result is shown in Fig. 7 with the field maps derived from the measured data on left, and the field maps resulting from the fit on the right. The small dots (hollow circles) in the colored region indicate the positions of the sensors in this twodimensional representation of the actual three-dimensional geometry. These positions are the same as rendered in Fig. 5c . As mentioned before, coil C1 is located below and between four sensors, resulting in similar measured field amplitudes from those sensors; whereas coil C2 is located directly beneath one sensor with fewer sensors in its vicinity, and so the measured field from this sensor was much larger than the neighboring sensors. A fit with ordinary least squares was performed using the FieldTrip toolbox [31] , which has the magnetic dipole mode implemented, where only the sensor geometry file had to be defined manually. A measure of the fit quality is the residual variance (RV) between data and model, giving RV = 1.54% for C1 and RV = 2.1% for C2. These small values are corroborated by the high correlation coefficient (ρ) between measured and fitted map, with ρ = 0.988 for C1 and ρ = 0.992 for C2. A significance test is not meaningful with only two correlation coefficients. Instead, the fitted dipole was moved by 5 mm in a random direction resulting in an increased RV to above 25% and ρ dropping below 0.9. The magnetic dipole is a non-linear function of the location and the changes in RV and ρ indicate a location error in the range of a few millimetres. 
Summary
We have developed a versatile magnetic imaging system with 25 microfabricated opticallypumped magnetometers. As a proof-of-principle, we have imaged two small coils of diameter 1 cm with the sensor array operating in zero-field mode. Approximating the measured field map with the magnetic dipole model yields convincing results using the least-squares criterion and the correlation between measured and calculated field map. These results demonstrate that the array shows good homogeneity in terms of overall field sensitivity and that the geometric precision of the sensor placement is sufficient to apply simple models, such as the magnetic dipole, to characterize magnetic properties of sources.
Arrays of OPMs have been used for multichannel recordings such as magnetocardiography [32] . While the potential of OPMs for magnetoencephalography has been demonstrated before [33] , the small size and fiber-coupled nature of μOPMs will allow more flexibility in sensor placement and density. This makes them ideally suited for imaging of all kinds of magnetic field sources, including other biomedical applications and nonmedical applications such as buried anomaly detection.
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